ABSTRACT: The weathering of silicate minerals in mountain landscapes provides a critical source of chemical solutes in the global biogeochemical cycles that sustain life on Earth. Observations from across Earth's surface indicate that the greatest flux of chemical solute is derived from rapidly eroding landscapes, where landsliding often limits the development of a continuous soil cover. In this study, we evaluate how weathering of landslide debris deposits may supplement the chemical solute flux from rapidly eroding, bedrock-dominated landscapes. We present new measurements of depositional surface and soil morphology, soil geochemistry, and luminescence-based depositional ages from debris stored in Cow Canyon, a tributary to the East Fork of the San Gabriel River in the eastern San Gabriel Mountains of California. Cow Canyon deposits include locally derived debris emplaced by dry colluvial and debris flow processes. Deposits have planar, low-angle, sloping surfaces with soils exhibiting a greater degree of weathering than nearby soils formed on bedrock. A~33-40 ka depositional age of Cow Canyon deposits exceeds the estimated recurrence time for the largest landslides in the San Gabriel Mountains, suggesting the stored landslide debris may be a persistent source of chemical solute in this landscape. To quantitatively explore the significance of landslide debris on the landscape solute flux, we predict the flux of chemical solute from bedrock and debris soils using a generic, time-dependent model of soil mineral weathering. Our modeling illustrates that debris soils may be a primary source of chemical solute for a narrow range of conditions delimited by the initial landslide debris porosity and the comparative soil age. Broadly, we conclude that while landslide debris may be an important local reservoir of chemical solute, it is unlikely to dominate the long-term solute flux from rapidly eroding, bedrock-dominated landscapes.
Introduction
The denudation of Earth's surface is a critical source of chemical solute in global biogeochemical cycles. Weathering of silicate minerals releases constituent ions into solution (Bluth & Kump, 1994; Godsey, Kirchner, & Clow, 2009 ) providing nutrients to support autotrophic life and sequester carbon dioxide (Berner, 1991; Urey, 1952; Walker et al., 1981) , regulating global climate over geologically significant timescales (Chamberlin, 1899; Kump, Brantley, & Arthur, 2000; Raymo & Ruddiman, 1992) . As researchers work to disentangle the interrelationships between tectonic, climatic, and surface processes, the significance of weathering in mountain landscapes remains debated (Maher & Chamberlain, 2014; Warrick et al., 2014; Willenbring, Codilean, & McElroy, 2013) . In particular, analytical models developed to predict solute fluxes from stable, soil-covered landscapes (Ferrier & Kirchner, 2008; Gabet & Mudd, 2009) fail to explain elevated solute fluxes in rapidly eroding landscapes where landsliding restricts the development of a continuous soil cover (Larsen et al., 2014a; West, 2012) . This study contributes to this debate on the specific role of weathering in mountain landscapes with analysis of the contribution of chemical solute from soils developed on stored landslide debris. We provide new observations from soils developed on partially reworked landslide debris deposits in the eastern San Gabriel Mountains and evaluate the contribution such deposits may have to the long-term (>10 5 yr) flux of chemical solute from rapidly eroding, bedrock-dominated landscapes.
Weathering in mountain landscapes
Analytical models of mineral weathering in a steady-state soil profile predict a nonlinear relationship between the rate of surface erosion and the flux of chemical solute from a mountain landscape (Figure 1 ). In slowly eroding landscapes characterized by low hillslope angles, this relationship is positive and approximately linear (Riebe et al., 2001; 2004) but becomes increasingly nonlinear as progressive soil development restricts the supply of fresh mineral surface area available for weathering (Millot, Gaillardet, Dupré, & Allègre, 2002; West, Galy, & Bickle, 2005; White & Brantley, 2003) . The relationship between erosion rate and chemical solute flux turns negative in steep, rapidly eroding landscapes (Gabet & Mudd, 2009) where hillslope material transport transitions from diffusive (i.e. soil creep dominated) to advective processes (i.e. landsliding, Montgomery & Brandon, 2002; Roering, Perron, & Kirchner, 2007) , restricting the development of a continuous soil cover. In landscapes where the frequency of landsliding effectively prohibits the development of a continuous soil cover, hillslopes are dominated by exposed bedrock and the contribution of chemical solute from thin or patchy bedrock soils should approach zero.
In contrast to model predictions, measurements of chemical solute flux compiled from landscapes across Earth's surface remain high in rapidly eroding landscapes (Larsen et al., 2014a; West, 2012) . Observations from steep, bedrockdominated portions of the eastern San Gabriel Mountains suggest that this discrepancy may be explained by enhanced weathering in saprolitized bedrock (Dixon, Hartshorn, Heimsath, DiBiase, & Whipple, 2012) or locally elevated pedogenic rates where thin, patchy soils remain . Geologic mapping of the San Gabriel Mountains shows that landslide deposits (Dibblee & Minch, 2002; Morton & Miller, 2003) and reworked landslide debris (Scherler, Lamb, Rhodes, & Avouac, 2016 ) are a significant component of steep, high relief portions of the landscape (Figure 2 ). Here we consider that soils developed on stored and partially reworked landslide debris may provide an alternative and previously unexplored source of chemical solute that partially explains global observations of high solute fluxes from rapidly eroding landscapes.
The San Gabriel Mountains
The San Gabriel Mountains are a tectonically mountain range in a semi-arid to sub-humid climate, located at the northern margin of the Los Angeles basin in southern California (Bull, 1991) . The mountains primarily comprise crystalline plutonic and metamorphic basement units (Morton & Miller, 2003; Yerkes et al., 2005) uplifted since approximately 6 Ma (Nourse, 2002) by active range-bounding thrust faults (e.g. the Sierra Madre and Cucamonga fault systems, Crowell, 1982; McFadden, 1982; Dolan et al., 1996; Morton & Miller, 2003) in a restraining bend of the San Andreas Fault system. Erosion rates determined by low-temperature thermochronology (Blythe, 2002) and cosmogenic radionuclides (DiBiase, Whipple, Heimsath, & Ouimet, 2010) increase with topographic relief, river channel steepness, and mean hillslope angles eastward across the mountains (Spotila & House, 2002) . Detailed mapping of bedrock exposure in the San Gabriel Mountains (DiBiase et al., 2012) demonstrates a positive relationship between catchment hillslope angle and percentage bedrock exposure. In the eastern San Gabriel Mountains near Mt San Antonio, hillslope angles frequently exceed~30°and erosion rates as high as~1000 m/Ma are primarily achieved by landsliding (Lavé & Burbank, 2004 ) on bedrock-dominated hillslopes . Unlike landsldie-dominated landscapes in a humid climate (Larsen & Montgomery, 2012; Moon et al., 2011) , the San Gabriel Mountains exhibit high exhumation rates in a relatively dry climate, providing the opportunity to study how hillslope processes specifically contribute to global denudational fluxes.
Thick deposits of primary and reworked landslide debris are common in the eastern San Gabriel Mountains (Dibblee & Minch, 2002; Morton & Miller, 2003) where they are interpreted to originate from large magnitude landslide events (Morton & Miller, 2003; Morton, Sadler, & Minnich, 1989; Scherler et al., 2016) . In landscapes where landsliding is the dominant erosion process, the long-term debris flux is defined by the landslide frequency-magnitude relationship (Hovius, Stark, & Allen, 1997; Niemi, Oskin, Burbank, Heimsath, & Gabet, 2005) . If river channels are adjusted to a long-term average debris flux, then episodic large magnitude events may overwhelm the capacity of rivers to transport landslide debris (Ouimet, Whipple, Crosby, Johnson, & Schildgen, 2008) storing partially reworked landslide debris in low-sloping deposits above river channels (Yanites et al., 2010) . Landslide deposits mapped in eastern San Gabriel Mountain catchments form similarly lower sloping deposits (Figure 3 ) that may provide relatively stable surfaces for locally enhanced pedogenesis, supplementing the chemical solute flux from an otherwise unstable, bedrock-dominated landscape.
Landslide debris in Cow Canyon
Our analysis focuses on landslide debris deposited in Cow Canyon, a~10 km 2 tributary to the East Fork of the San Gabriel (Dibblee & Minch, 2002) or late Holocene to middle Pleistocene landslide deposits (Morton & Miller, 2003) occur at similar elevation on the north side of the canyon. Vegetation on the deposit surface is dominated by chaparral, including dense stands of shrubs including scrub oak, California sagebrush, chamise, chapparal yucca, manzanita and others (United States National Park Service, 2013). The sparser vegetation on surrounding steeper hillslopes is limited to trees (e.g. sugar pine Pinus lambertiana and others) in steep debris chutes and on north-facing slopes. The surfaces of these deposits are densely vegetated, remarkably planar and dip at similar orientations downstream, suggesting they may be relicts from a more extensive valley fill surface. Prior aggradation of Cow Canyon may be related to damming and reorganization of San Antonio Canyon (Ehlig, 1958; Morton et al., 1989; Morton & Miller, 2003) , although this relationship remains speculative. Though landslide scars and recent debris are common in the eastern San Gabriel Mountains, the preservation of older, weathered deposits is rare. Thus, we target these transient features for further study.
Soils in Cow Canyon exhibit distinctly reddened yet morphologically simple, sandy to gravelly profiles. Soils are mapped by the Natural Resource Conservation Service as Soil Survey Unit 316, including exposed bedrock, Haploxerolls and Chilao family soils (Soil Survey Staff, 2014) . Unit 316 represents up to~40% exposed bedrock with remaining surfaces exhibiting one or more gravelly, well-drained Xerorthents (~41%), Haploxerolls (~15%), and/or Haploxerepts (2%), none of which exhibit strongly illuviated B horizons. Chilao family soils specifically are described as having a~13 cm gravelly-loam A horizon atop a~30 cm C horizon of gravelly sand. Soil mineralogy is representative of the crystalline basement source rocks and primarily includes quartz, hornblende, micas, and minor magnetite (McFadden, 1982) . Detailed field photographs of the deposits, soils and vegetation are available as as Supplementary Figure 5 .
To interpret the origin, age and susceptibility of deposits to soil development, we expand upon this previous work with detailed structure-from-motion photogrammetry modeling of a debris surface, and new measurements of soil morphology, geochemistry, clay mineralogy and luminescencebased depositional ages.
Methods
We constructed structure-from-motion photogrammetry models (Westoby, Brasington, Glasser, Hambrey, & Reynolds, 2012) to visualize and quantitatively describe the surface morphology of the largest Cow Canyon deposit and identify areas of surface degradation. We qualitatively described deposit thickness and sedimentology along the deposit, as well as four soil profiles from intact portions of the deposit surface that capture the full variability in the surface catena. Description of soil profile and horizon morphology were made in the field from cleaned, vertical road cut exposures between 1040 to 1187 m elevation following the protocols of Schoeneberger, Wysocki, and Benham (2012) . To quantitatively measure physical and chemical soil properties including elemental changes in response to chemical weathering, bulk soil samples were collected from each soil horizon for laboratory analysis of soil texture, color, clay mineralogy, major and trace element concentrations. Bulk soil samples were sieved to < 2 mm and air-dried prior to laboratory analysis. Four additional sediment samples were collected to constrain the maximum depositional age of the debris using infraredstimulated luminescence dating from the unweathered debris beneath three soil profiles.
Structure-from-motion photogrammetry Structure-from-motion photogrammetry is an efficient rangeimaging technique for creating digital elevation models (DEMs) from spatially referenced photographs with a higher resolution than is often available from traditional remote sensing techniques (Johnson et al., 2014) , including the 10 m DEM currently available from the 1/3 arcsecond US National Elevation Dataset. Photographs were taken during cloudless weather in January 2015 with a Nikon D610 camera using a fixed 85 mm lens. Camera positions were georeferenced with a Trimble Juno ST handheld GPS unit (± 7 m accuracy). We used Agisoft Photoscan Pro, a commercial photogrammetric software package, to align 143 georeferenced photographs and generate a surface mesh. We exported a~1 m spatial resolution DEM for subsequent morphometric analysis with the spatial analyst toolbox in ESRI ArcMap. 
Laboratory soil analyses
Soil texture was measured in the laboratory using the hydrometer method of Gee and Bauder (1986) . Soil color was determined for moist and dry soil samples by visual comparison with a Munsell® Soil Color Chart. Mineralogical analysis of extracted, clay-sized particle fractions was performed using X-ray diffraction (XRD) analysis on smeared glass slides. To prepare for XRD, clay fractions were isolated by centrifugation, following dispersion of the soil in 100 mL of 5% sodium hexametaphosphate solution and agitation in a blender for 3 min. Extracted clay samples were then purified using mild (< pH 9.5) sodium hypochlorite to remove organics, and using citrate-dithionite buffer solution to remove short-order oxides (Soukup, 2008) . To confirm lattice behavior in response to ion saturation and heat treatments, samples were first subdivided for ion-saturation in 1 N MgCl 2 and 1 N KCl. Following an initial XRD analysis, the Mg-saturated samples were exposed to ethylene glycol (EG) in a sealed desiccator for 48 h and re-scanned. Three XRD scans were performed for the K-saturated samples. A first scan was performed on the unheated sample, a second scan after heating the sample to 350°C for 4 h, and a third scan after heating the sample to 550°C for 4 h (Poppe, Paskevich, Hathaway, & Blackwood, 2001 ). Analyses were conducted on a Rigaku Ultima IV XRD spectrometer at the Pomona College Geology Department using Cu Kα radiation for continuous~15 min flat-stage scans from 4 to 30°2θ at 40 kV and 44 mA. A sample of Clay Minerals Society reference standard PFl-1 containing palygorskite and smectite was treated and analyzed alongside field samples for verification of successfully induced Mg, K, EG, and heat effects. Mineral interpretations were made via comparison with the ICDD PDF-2 database (ICDD, 2003) and with other references (Dixon, Weed, & Parpitt, 1990; Moore & Reynolds, 1997; Poppe et al., 2001) using Materials Data Jade 8 software.
Major and trace element concentrations were determined by fused glass bead X-ray fluorescence (XRF) spectrometry for sieved bulk soil samples and also for individual clasts from parent material. Powders of soil and clast samples were prepared in a Rocklabs® tungsten carbide head and mill. Powdered sample was mixed in a 1:2 ratio with a dilithium tetraborate flux, blended in a vortexer and fused to a glass bead in a graphite crucible at 1000°C for 15 min to 1 h. Initial glass beads were then powdered and re-fused to ensure complete sample homogenization. Secondary beads were polished to a mirror finish and analyzed with a 3.0 kW Panalytical Axios wavelength dispersive XRF spectrometer in the Pomona College Geology Department following a methodology adapted from Johnson, Hooper, and Conrey (1999) . Elemental concentrations were compared with certified standardized reference materials (Lackey et al., 2012) and adjusted for loss-on-ignition.
Post-IR IRSL dating
Luminescence dating measures the time elapsed since sediment grains were last exposed to light. In many depositional environments, especially those where the transport distance is short, a significant portion of grains may not be exposed to light for long enough to reduce their initial luminescence signal to zero (McGuire & Rhodes, 2015; Wallinga, 2008) . Single grain measurements provide a distribution of ages that can be analyzed statistically to identify the minimum value corresponding to the depositional age of sedimentary deposits (Rhodes, 2015) . In this study we use infrared stimulated luminescence (IRSL) of single-grains of K-feldspar using a post-IR-IRSL protocol (Brown, Rhodes, Antinao, & McDonald, 2015; Buylaert, Murray, & Thomsen, 2009) , which has been demonstrated to agree well with age-controlled samples (Rhodes, 2015) . forms low-sloping deposits above river channels that provide stable surfaces for pedogenesis in an otherwise unstable landscape. Landslide deposits mapped by Morton and Miller (2006) are represented by black hatching, mapped alluvial gravels are mapped as white hatches, and hillslope angles are calculated from the 10 m digital elevation model from the US National Elevation Dataset. Inset box and camera icons respectively mark the extent of Figure 4 and location of featured field photographs in Figure 4A . [Colour figure can be viewed at wileyonlinelibrary.com] 2727 STORAGE AND WEATHERING OF LANDSLIDE DEBRIS Samples were collected from sandy layers of bedded fluvial and colluvial sediments and stored in steel tubes in the field. Gamma ray spectrometer measurements were conducted at the sample locations to determine the gamma dose rate contribution from sediment at the sample location. Samples were subsequently processed under light controlled conditions at the University of California, Los Angeles. Samples were wetsieved to separate the 175-200 μm fraction and K-feldspar grains were separated by flotation using a lithium metatungstate heavy liquid solution of density 2.565 g/cm 3 . Potassium-feldspar grains were then etched for 10 min in 10% HF to expose fresh mineral surfaces. For each sample, single K-feldspar grains were analyzed with a Riso TA-DA-20D TL/OSL reader. Individual grains were stimulated with infrared laser using a post-IR protocol detailed in the Supplementary material (Buylaert et al., 2009; Fu, Li, & Li, 2012) and luminescence emission was measured using BG3-BG39 filter combination in a 340-470 nm transmission window. The depositional age is calculated using the methods outlined in Rhodes (2015) . The average equivalent dose, dose rate and age is shown for each sample in Table I . Additional details about the age calculation can be found in the Supplementary material.
Results

Deposit morphology and sedimentology
Slope analysis of our~1 m structure-from-motion DEM reveals a partially dissected planar surface extending 1.2 km into Cow Canyon (Figure 4) . The surface dips 13°to the southwest with only 1.4 m average deviation in elevation from a planar surface fit. Complimentary slope analysis from coarser 10 m National Elevation Dataset confirms that additional Cow Canyon deposits have similar slopes (10-19°dip to the southwest) consistent with an interpretation that these deposits are relicts from a previous valley fill. All three surfaces project upstream to additional landslide debris that forms the low saddle drainage divide (Morton & Miller, 2003) .
Deposits are poorly consolidated and thicken from less than 5 m to over 10 m with distance down the deposit surface from the surface apex, occasionally observed above a sharp bedrock contact. At the top of the deposit, poorly sorted angular clasts up to~0.5 m diameter form a loose, matrix supported breccia. However, clast angularity decreases and the frequency of clast-supported layers increases with distance down the deposit. Lower elevation exposures display evidence of reworking, including crudely sorted layers of subrounded gravel and cobbles with finer-grained sand and silt lenses. Throughout the deposit, clasts are dominated by locallysourced lithologies including vein quartz, andesite, basalt, granodiorite, amphibolite, micaceous pegmatite and various gneisses, and the variability in clast lithology increases at lower elevation exposures. Clasts of the distinctive Pelona Schist were not observed.
Soil analyses
Field description Soil profiles lack clearly illuviated B horizons, with darkened A horizons above pale AC and C horizons (Table II and Figure 5 ). Depth to the AC or C horizon ranges from 40 cm to 70 cm and horizon boundaries may be gradual or clear, smooth to wavy. All horizons generally exhibit angular to subangular blocky structure with very fine to very coarse pores and roots, and there are no systematic trends in soil structure, vegetation or Texture and color Soil texture ranges from loamy coarse sand to sandy clay loam (Table II and Figure 5 ). Sand content increases with depth in each profile and with decreasing surface elevation in A and C horizon. The two highest elevation profiles exhibited browner, darker dry soil color with A horizons of 7.5 YR 3/4 and 10 YR 4/4 compared with 7.5 YR 5/4 and 10 YR 5/4 at lower elevation profiles. Similarly, C horizons are 7.5 YR 4/6 in higher elevation profiles but 10 YR 6/4 and 10 YR 5/6 in lower elevation profiles. In terms of master horizon type, texture, and thickness, soils most closely match a Haploxeroll description. However, the high color values and chromas of moist soil and low organic matter content fail to satisfy the requirement for a mollic epipedon. Instead, we prefer classification of these soils as Typic Xerorthents which may be an intermediate match to the Hanford Series and the Shortcut Series, both considered minor components of Soil Survey Unit 316 (Soil Survey Staff, 2014).
Clay mineralogy Clay-sized particle mineralogy indicates incipient soil profile development consistent with the Typic Xerothent subgroup of Entisols, or with very weak Inceptisols. Broad diffraction peaks indicate the presence of several distinct phyllosilicates in the clay-size particle fraction. These are predominately kaolin group clays, illite group clays, vermiculite, and trace smectite with clay-sized quartz also common (Table II) . Mica group diffraction peaks were weak in most samples despite the presence of visible and abundant mica flakes in field exposures of soil and bedrock clasts in parent material. This may be attributed to the large size of lithogenic mica grains which would not have been separated within the clay-sized particle class extracted for XRD analysis (detailed XRD data and mineralogical interpretations are available in the Supplemental material). With the exception of the lowest elevation sample, clay mineralogy was similar between horizons of each profile, and between profile sites despite changes in total counts or in relative peak intensity. Samples from the lowest elevation Figure 3. (B) High resolution (~1 m) slope map derived from structure-from-motion photogrammetry of the largest landslide debris surface reveals a partially dissected 1.2 km long planar surface dipping an average 13°to the southwest. Four soil profiles were chosen to capture the full soil variability across the surface catena. The three highest elevation soil profiles (A, B and C) were described at the margin of the intact deposit surface while lowest elevation profile (D) was collected from a highly degraded portion of the deposit. Additional views of the deposits can be seen in Supplemental Figure 5 . [Colour figure can be viewed at wileyonlinelibrary.com] profile showed the greatest mineralogical change within profile. The variety of clay minerals present and the lack of differentiation within this profile suggests incomplete chemical alteration of the lithogenic phyllosilicate mineral fraction.
Chemical weathering indices
Immobile element concentrations in parent material and soil can be used to evaluate the degree of chemical mass loss through weathering (Riebe et al., 2001) . Following the approach of Muir and Logan (1982) , we used XRF analytical data to calculate τ, element loss relative to the concentration of an immobile element (e.g. Zr or Ti) in the unaltered parent material for each major element i, in the soil horizon z,
where i z and Zr z are the concentration of element i and zirconium in soil horizon z, i PM and Zr PM are the concentration of element i and zirconium in the unaltered parent material. We also calculated the Chemical Depletion Fraction or CDF, as the total elemental loss in each soil horizon z, defined by (Riebe et al., 2001) as
where notation follows from Equation (1). The concentration of immobile Zr and Ti increases from the debris parent material to the uppermost A horizon in each soil profile (Figure 6(A) ). Nearly all measurements from soil profiles in Cow Canyon exhibit higher concentrations of immobile elements than published values from soils developed on bedrock in the eastern San Gabriel Mountains (Dixon et al., 2012) , which may be explained by significant variability in bedrock mineralogy and enhanced weathering of debris soils. Debris soils show no evidence of significant accumulation of dust bearing the chemical signature of local dust inputs (Reheis & Kihl, 1995) complicating geochemical interpretations of bedrock soil development (Dixon et al., 2012; Ferrier, Kirchner, & Finkel, 2011) .
Because the parent material of debris soils contains debris of heterogeneous composition, we compared Zr and Ti measurements in unweathered debris matrix sieved < 2 mm with nine individual debris clasts, chosen to represent the observed variability in local source rock lithology and pre-depositional weathering. There is no significant difference between the Zr/Ti ratio of sieved debris and the average of individual clast analyses, indicating that sieving debris < 2 mm effectively averages over any geochemical heterogeneity arising from source rock lithology and pre-depositional weathering (see figure in Supplemental material). In addition, though our relatively small sample size (n=4) of soil pits may fail to capture the variability of Zr concentrations in both parent material and mobile soil (Heimsath & Burke, 2013) , our use of well-mixed debris as parent material should effectively homogenize any local variability in Zr arising from bedrock lithology.
Consistent with the weathering enrichment of immobile elements, elemental mass losses (i.e. τ i ) and CDF values are greatest in all soil profile A horizons (Table III) . On average, soils developed on landslide debris exhibit greater CDF values than bedrock soils (Dixon et al., 2012) and greater elemental loss (τ i is more negative with greater elemental loss) in all major elements except K (Figure 6(B) ). Elemental losses are greatest in the middle-elevation profiles B and C for all elements except Fe, and profile B exhibits the highest CDF and greatest elemental loss values with negative tau values for each element. While there is no systematic relationship between elemental loss and soil texture or color, the sandy lowest elevation profile (profile D, with~33% residual gravel in the A horizon and 60.8% sand in sieved material) also exhibits the lowest CDF values.
Post-IR IRSL dating
All four luminescence samples are consistent with deposition in the late Pleistocene (Table I ). The dates show two distinct populations at~40 ka (41.0 ± 2.3 ka, 39.0 ± 2.1 ka) and 33 ka (33.9 ± 1.9 ka and 32.3 ± 1.6 ka) depositional age. Luminescence dates of sedimentary deposits can overestimate depositional ages due to incomplete zeroing of the signal before deposition, an effect known as partial bleaching. Partial bleaching can be particularly problematic in steep-slope catchments proximal to headwaters (Kars, Reimann, Ankjaergaard, & Wallinga, 2014; McGuire & Rhodes, 2015) . The details of our statistical model to identify a minimum equivalent dose for the age calculation are given in the Supplemental material.
Discussion
We interpret the deposits in Cow Canyon to represent relict fragments of a larger, more extensive valley fill surface. Deposits exhibit much lower slopes than expected for colluvium near the angle of repose (~37°in the San Gabriel Mountains, but are well explained by a continuous, low-sloping debris apron extending across the valley. Extrapolation of deposit surfaces across Cow Canyon would encompass 3.6-5.8 km 2 or 30-60% of the current catchment area, totaling an estimated 0.2-0.6 km 3 of fill in the present day canyon.
Debris aprons and cones may form from the wet remobilization of colluvium by debris flows with short runouts (Brazier, Whittington, & Ballantyne, 1988 ) and our observations of crude sorting, fine-sediment lenses and progressive downslope clast rounding support reworking by debris flows, a process common in the San Gabriel Mountains (Lavé & Burbank, 2004) . Observations of angular, poorly sorted and matrixsupported material near the apex of deposit surfaces may instead be explained by direct deposition of colluvial debris from adjacent hillslopes by dry ravel (Lamb, Levina, Ra, & Fuller, 2013) .
Luminescence dating constrains a maximum~40 ka depositional age for these deposits, with two~33 ka ages possibly indicating a period of debris reworking. These depositional ages significantly precede aggradation along the North Fork of San Gabriel River, where radiocarbon (Bull, 1991) , luminescence and cosmogenic exposure dating (Scherler et al., 2016) constrain an earliest deposition period of~8-9 ka. According to the landslide frequency-magnitude relationship developed for the San Gabriel Mountains by Lave and Burbank (2004) , ã 40 ka depositional age exceeds the recurrence interval for even the largest landslide events, and broadly indicates that landslide debris may be stored over 10 4 yr timescales. The potential for subsequent reworking of this landslide debris throughout the downstream San Gabriel River system indicates that landslide debris may be a persistent source of chemical solute in this rapidly eroding landscape.
Storage of landslide debris in Cow Canyon
We interpret that aggradation of Cow Canyon resulted from mobilization of a local debris source and does not necessarily implicate a climatically-driven change in hillslope debris flux (Bull, 1990) or late Pleistocene river reorganization (Morton et al., 1989) . While at least three discrete strands of the San Gabriel Fault Zone pass near the outlet from Cow Canyon (Dibblee & Minch, 2002; Morton and Miller, 2006) , this fault is interpreted to have been inactive throughout the Quaternary (Morton & Miller, 2003; Powell, 1993) and so tectonic damming is not presently considered as an alternative aggradation mechanism. However, fault strands may provide preexisting planes of weakness that promote landsliding along the northern margin of Cow Canyon. Bull (1990) interpreted aggradation along the North Fork of the San Gabriel River as evidence for climatically-modulated changes in hillslope debris flux. Reinterpretation of these deposits by Scherler et al. (2016) instead suggests that valley aggradation is better explained by remobilization of landslide debris. Landslide debris may abruptly change sediment supply, locally aggradating portions of preexisting river systems (Korup, 2005; Korup, Densmore, & Schlunegger, 2010) . In constrast, a climate-modulated change in hillslope debris flux should be regionally extensive. Without documentation of contemporaneous deposits in adjacent river drainages, we consider the aggradation of Cow Canyon to reflect local reworking of landslide debris in a similar fashion to that reported by Scherler et al. (2016) . Further analysis of Quaternary deposits throughout the San Gabriel Mountains will continue to test this hypothesis.
Several studies have suggested that the upper portion of San Antonio Canyon originally drained through Cow Canyon to the East Fork of the San Gabriel River (Ehlig, 1958; Morton et al., 1989) . Cow Canyon exhibits an anomalously low channel gradient, more consistent with a large upstream drainage area in the headwaters of San Antonio Canyon. Morton et al. (1989) suggest that the landslide deposit at the present drainage divide dammed the upper portion of San Antonio Canyon and headward erosion of a rangefront tributary captured this drainage area to form the modern drainage configuration. While reworked debris from this landslide may have contributed to aggradation in the beheaded Cow Canyon, our observation of locally sourced clast lithologies in Cow Canyon deposits, as well as a lack of a diagnostic step in the upstream San Antonio Canyon channel steepness (Morton et al., 1989) , suggest that the landslide deposits presently dividing San Antonio Canyon from Cow Canyon are not directly related to the~33-40 ka debris we investigated.
Weathering of landslide debris
We quantitatively explore the significance of landslide debris weathering by predicting the flux of chemical solute from generic bedrock and debris soils. We predict solute flux as a function of soil age, or the time since the establishment of a stable geomorphic surface, following the approach of Yoo and Mudd (2008) to estimate the solute flux from five mineral species using a linear dissolution rate (Hodson & Langan, 1999; White & Brantley, 2003) and a time-dependent decay coefficient. We assume the depth of a soil profile develops as an exponential function (Heimsath, Dietrich, Nishiizumi, & Finkel, 1997) where maximum sediment production and pedogenic rates are higher for bedrock soils forming on steep hillslopes than debris soils forming on lower-sloping deposit surfaces . We assume that parent material for both soils begins with a granodioritic composition consistent with average values of San Gabriel Mountain bedrock (Barth, 1990; Dixon et al., 2012) . Since the porosity of parent material is unconstrained, we explore porosity values for landslide debris between a 0 (i.e. bedrock porosity value) and 0.4 (i.e. soil porosity value) volumetric fraction. Our modeling does not consider short-term effects from anthropogenic perturbations to the landscape (e.g. deforestation/reforestation), which is an important consideration for very recent deposits in this landscape. See the Supplementary material for a brief description of model parameters and implementation. In both generic bedrock and debris soils, solute flux is maximized over an intermediate soil age. Low-sloping surfaces initially allow water to percolate and react, but pedogenesis eventually slows as the soil profile thickens and the supply of fresh minerals is depleted (Ferrier & Kirchner, 2008) . Because the fresh mineral supply and thus rates of surface mineral weathering are assumed to be lower on low-sloping debris surfaces than steep bedrock hillslopes, the solute flux from thick, stable debris soils lags that of bedrock soils (Figure 7 (A)). The solute flux from debris soils increases with the assumed initial volumetric porosity of parent debris, reducing the critical soil age over which the solute flux from both soils is equal (a solute flux ratio of 1). Assuming a characteristic bedrock soil age of 350 years (the time necessary to erode the average bedrock soil thickness reported in Dixon et al. (2012) at an average erosion rate of 500 m/Ma), our modeling illustrates that the solute flux from debris soils may actually exceed that from bedrock soils when the porosity of parent debris exceeds a volumetric fraction of 0.25 (almost 50% that of the resulting soil porosity), and debris soil age ranges between~10 2 and 10 3 yr. While we do not constrain the age of soils forming on landslide debris in Cow Canyon directly, comparison of our soil profiles with regional chronosequences (Weldon and Sieh, 1985; McFadden, 1982; Bull, 1991) suggests that the debris soils in Cow Canyon are considerably younger than the~33-40 ka depositional age of their parent material. Specifically, the absence of a clearly illuviated B horizon in relatively shallow profiles (typically <1 m in depth) suggest a mid-late Holocene (1-4 ka) soil age. Moreover, soil depth and CDF measurements are consistent with model predictions from mid-late Holocene soil age (Figure 8 ). An apparent~10× difference between soil and depositional ages for deposits in Cow Canyon may be strong evidence for frequent soil stripping in response to wildfire, strong precipitation events, or other processes. Indeed, the dynamics of soil erosion on a planar slope may be quite different from the diffusive transport processes assumed in the conceptual framework of our analytical model, and our modeling of generic soils should be viewed as illustrative rather than predictive of our specific study area. Moreover, model porosity θ does not take into account the distribution of pore size or geometry.
If debris soils date to~1-4 ka, then we expect the solute flux from debris soil weathering is unlikely to have exceeded that from bedrock soils in Cow Canyon. While this calculation remains sensitive to assumed maximum solute production rates, we propose that the broader interpretation of limited solute fluxes from debris soils is robust when debris soil age is more than 5×greater than bedrock soil age. Still, we conclude that landslide debris storage is an important supplementary source of chemical solute worthy of consideration in predictive modeling.
The contribution of landsliding to mountain weathering While previous research has highlighted the role of landsliding on stream organization and sediment flux (Korup, 2004; Ouimet et al., 2008) , the specific impact of landsliding on the solute flux of mountain landscapes has been only recently explored. For example, Jin et al. (2016) observed elevated river solute fluxes following widespread landsliding during the Wenchuan earthquake of 2008. Elevated solute fluxes were linked to recent landsliding in both the Southern Alps (Emberson, Hovius, Galy, & Marc, 2015) and southern Taiwan (Emberson, Hovius, Galy, & Marc, 2016) ; both studies found the effect of landslides on solute fluxes dampened on decadal timescales. (2008), we predict the solute flux from bedrock and debris soils as a function of their age. We assume rates of soil formation are lower on low sloping debris surfaces such that the solute flux from debris soils lags that of bedrock soils. The solute flux from debris soils strongly depends on initial debris porosity, shifting the age over which the solute flux from debris soils exceeds that of bedrock soils. See Supplementary material for model details and parameters. B. Contour plot of predicted solute flux ratio between debris and bedrock soils. We illustrate that the solute flux from debris soils may exceed that from bedrock soils where initial debris porosity exceeds~0.25 and debris soils age ranges between 10 2 and 10 3 yr.
STORAGE AND WEATHERING OF LANDSLIDE DEBRIS
Landsliding may directly, but temporarily (i.e. < 10 2 yr) enhance river solute fluxes by exposing fractured saprolite and bedrock, promoting weathering reactions at greater depth below the soil interface (Brantley, Holleran, Jin, & Bazilevskaya, 2013; Riebe, Hahm, & Brantley, 2016) . Our observations further suggest that landsliding may also have an indirect, but lasting influence on solute fluxes by creating low-sloping surfaces that provide stable sites and a high surface-area substrate for soil development in otherwise unstable landscapes. This may occur through reworking of landslide debris into shallow, planar surfaces by dry or wet colluvial processes or as mountain rivers rework and abandon landslide debris (Ouimet, Whipple, Royden, Sun, & Chen, 2007; Scherler et al., 2016; Yanites et al., 2010) . The importance of weathering of landslide debris will depend on the timescale of mineral depletion and debris removal, the latter of which is a balance between the frequency of mass wasting events and the transport capacity of the fluvial network (Emberson et al., 2016) .
If landsliding is the dominant process restricting the development of a continuous soil cover in steep, rapidly eroding mountain landscapes Larsen et al., 2014a) , then we expect the contribution of landsliding to the landscape solute flux will be greatest in such bedrockdominated landscapes and partially explain global observations of high solute fluxes from rapidly eroding landscapes (Larsen et al., 2014b) .
Conclusion
In this study, we evaluate how weathering of stored landslide debris may supplement the chemical solute flux from bedrock-dominated landscapes. We present new measurements of surface and soil morphology, soil geochemistry, and luminescence-based depositional ages for landslide debris deposits in Cow Canyon, a tributary to the East Fork of the San Gabriel River in the eastern San Gabriel Mountains of California. The preservation of older landslide deposits provides the unique opportunity to study the temporal evolution of chemical weathering fluxes in a landscape with frequent landsliding but few relict surfaces. Reworking of landslide debris by dry colluvial and debris flow processes form lowsloping surfaces that host relatively young, but developing, oxidized, soils in an otherwise unstable, bedrock-dominated landscape rapidly eroding by landsliding. Luminescence depositional age dating indicates that landslide debris may be stored over 10 4 timescales, significantly longer than the longest recurrence estimates of large landslide events in the San Gabriel Mountains. If landslide debris is a persistent feature of this landscape, pedogenesis on low-sloping, stable deposit surfaces will supplement, but probably not surpass, the solute flux of these rapidly eroding landscapes. Broadly, we conclude that landslide debris storage may be an important supplementary source of chemical solute, but is unlikely to dominate the chemical solute flux of rapidly eroding, bedrock-dominated landscapes. More study is necessary to constrain the spatial variability in soil properties across these unusual preserved surfaces; this study could be repeated at other large landslide deposits in the San Gabriel Mountains, such as at Crystal Lake, to better understand how debris age and geomorphic context affect soil formation. Locally, however, the persistence of chemical weathering in steep, bedrock-dominated landscapes that primarily erode by processes of mass wasting, yields unique pedogenic and sedimentary environments that bear further consideration in the evolving view of debris storage and solute flux in mountain landscapes. 
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